We report electronic structure calculations in chemically functionalized linear cubane-based chains. The effects of covalent chemical attachments on chain transport properties are examined with nonorthogonal tight-binding model (NTBM) considering LandauerBüttiker formalism. The covalent bonding of even a single-type functional group is shown to considerably alter the conductance of the chain. For similar radical doping density, electronic characteristics are found to range from insulator to narrow-gap semiconductor depending on the nature of the covalent bonding. Therefore it has become possible to tune electronic properties of the cubane-based one-dimensional oligomers by the functionalization for nanoelectronic applications.
Introduction
Hydrocarbon cubane C 8 H 8 synthesized in 1964 [1] remains the focus of modern research because of its unusual geometry, energy, and electronic properties. In cubane molecule the valence angles between the C-C covalent bonds are 90 ∘ , distinct from the value 109.5 ∘ , typical of sp 3 -hybridized carbon compounds. Nevertheless, despite the strained carbon cage (strain energy is about 670 kJ/mol [2] ) cubane molecules demonstrate surprisingly high kinetic stability [3] and can form various derivatives, in which one or more hydrogen atoms are replaced by functional groups or radicals. For example, cubane-based systems with methyl groups [4] , propyl groups [4] , carboxyl groups [5] , and nitrogroups [6] [7] [8] are successfully synthesized. Moreover, dehydrogenated cubanes can form oligomers through covalent bonding. The cubane dimer (cubylcubane) [9] , linear chains constructed from elementary cubyl fragments [5] , and cubane-based solids [10, 11] are intensively studied as well. Although a number of cubane-based oligomers remain hypothetical and are not obtained experimentally, they are examined theoretically, including numerical simulation. Both ab initio [12, 13] and semiempirical [14, 15] calculations predict thermodynamic and kinetic stabilities of one-and two-dimensional nanostructures built from cubylene units (chains, rings, and networks). These systems are of particular interest because of their remarkable electronic properties [16] [17] [18] [19] . For example, polycubane chains linked by various small molecules ("molecular bridges") demonstrate a variety of electronic characteristics: from strong insulators to metals [17] . Thus, it becomes possible to design novel advanced materials with adjustable electronic structure. Recently reported charge transfer between donor and acceptor groups in cubanebased one-dimensional systems makes these nanostructures perspective materials to be used in pull-push devices [18] .
Linear chains built from cubylene units [5] are the simplest members of the cubane-based structures family. Ab initio calculations [13] predict that the sufficiently long chain is a strong insulator with the energy gap equal to 4.59 eV, but this value can be reduced through doping the initial system by donor/acceptor functional groups [13, 17] . Nevertheless, the mechanism of the effect of chemical functionalization on the energy gap of cubane-based nanostructures is still not clear.
In this paper we present electronic structure calculations for the linear chains built from substituted cubylene units. In each unit one or more hydrogen atoms are replaced by functional groups or radicals. We restrict ourselves to H-C-N-O 
Materials and Methods
In our study we use the nonorthogonal tight-binding model originally developed for H-C-N-O systems [20, 21] as well as high-level density functional theory (DFT). Density functional theory with B3LYP [22, 23] and PBE [24] functionals with the electron basis sets of 6-311G/6-311G(d,p) and 6-31+G(d,p) [25] was used. All DFT calculations were performed using the GAMESS program package [26] . The parameters' fitting of tight-binding model is based on the criterion of the best correspondence between the computed and experimental (not derived from ab initio calculations) values of binding energies, bond lengths, and valence angles of several selected small H C N O molecules (for parameterization details see [20, 27] ). To validate the model developed, we computed the binding energies, bond lengths, and valence angles for various H-C-N-O compounds not used in the fitting procedure and compared them with the experimental data [28] . The resulting tight-binding potential has a good transferability and is well suited to modeling various H C N O molecules [27] from small clusters to large systems as graphene, diamond, different peptides, and so forth. Such tight-binding approach is commonly used for electronic structure calculations [29] [30] [31] [32] , including HOMO-LUMO gaps, density of states, and transmission coefficients.
The samples studied are constructed from eleven functionalized cubylene fragments. Each structure is obtained from pristine chain (see Figure 1 The choice of these functional groups will be clear from the analysis below. So, the total number of oligomers investigated is equal to eight.
To obtain the equilibrium structures of the cubane-based oligomers we applied the method of structural relaxation by using the same nonorthogonal tight-binding model (NTBM) [20, 21, 27] . The corresponding initial configuration relaxed to a state with the local or global energy minimum under the influence of intramolecular forces only. First of all, the forces acting on all atoms were calculated using the HellmannFeynman theorem. Next, atoms were shifted in the direction of the forces obtained proportional to the corresponding forces. Then the relaxation step was repeated. The whole structure is relaxed up to residual atomic forces smaller than 10 −4 eV/Å. Note that for all cubane-based chains studied we also calculated the frequency spectra in the framework of the same level of theory after the geometry optimization. For each metastable configuration, the presence of local minima of energy was confirmed by the reality of all frequencies. We have verified on the smaller oligomers that optimizing the structures in this way leads to minor changes in the energy and electronic characteristics (e.g., binding energies and HOMO-LUMO gaps) as compared to high-level DFT relaxation. Results obtained for HOMO-LUMO gaps for cubane-based oligomers constructed from two and four fragments (dimers and tetramers) are presented in Table 1 . From Table 1 one can see that the accuracy of the NTBM is in good agreement with the DFT approach (except, maybe, CN-functionalization).
To calculate the electronic density of states and the conductance of infinite pristine and functionalized cubane-based chains we have applied the Landauer-Büttiker formalism [33] [34] [35] [36] . The general illustration of our scheme is presented in Figure 2 .
The device region (D) consisting of three substituted cubylene units is connected to left (L) and right (R) semiinfinite leads. The device area is described by the Hamiltonian D and corresponding overlap matrix D . The conductance at zero temperature and in low bias limit can be obtained from Landauer's theory for transport
where is the conductance expressed within Fisher-Lee relationship [34] , while 0 = 2 2 /ℎ is the conductance quantum, is the energy of the incident charge carrier, and Tr denotes the trace of corresponding operator; G is the retarded Green's function of the functionalized linear cubane-based chain and matrices Γ L,R = (Σ L,R − Σ † R,L ) consider the coupling to the right or left leads through their self-energies Σ L,R . The self-energies of the device-leads system can be described as
where is an arbitrary small quantity; LD , DR , LD , and DR are the coupling Hamiltonians and corresponding overlap matrices describing connections device left lead and device right lead; 
The electronic density of states (DOS) is given by
The electronic Hamiltonians are calculated from overlap matrix elements using extended Hückel approximation [41] with Anderson distant dependence for Wolfsberg-Helmholtz parameter [42] . The overlap integrals are calculated using standard Slater-Koster-Roothaan procedure [43, 44] . Therefore, the analytical expressions for the overlap integrals greatly simplify the calculation of Hamiltonian. The abovementioned fact as well as good accuracy of NTBM model make this approach very efficient for recursive Green's function method as described in [39] .
Results and Discussion
At first we focus on the case of finite linear cubane-based chains (oligomers) constructed from eleven substituted cubylene fragments. In each fragment only one hydrogen atom is replaced by the following functional groups or radicals: OH, CN, NO, NH 2 , NO 2 , CH 3 , COOH, N, O, CO, and NH. Geometry optimization data demonstrate the instability of cubane-based chains with N, O, CO, and NH groups. Only univalent radicals conserve the cubic identity of the elementary units. Thus, polyvalent radicals mentioned above will not be further considered here. We calculated binding energies and HOMO-LUMO gaps Δ HL of the remaining chains. The binding energy of the chain per atom is determined by the equation
where at = + + + is the total number of atoms in the chain, tot (chain) is the total chain (oligomer) energy, (H), (C), (N), and (O) are the energies of the isolated hydrogen, carbon, nitrogen, and oxygen atoms, respectively. As evident from Table 2 Δ HL is very sensitive to functional group attached. The narrowest gap is observed for NO-doping (Figure 1(c)) ; it is equal to 0.60 eV. Note that HOMO-LUMO gap is not directly dependent on the binding energy (see Table 2 ). Therefore, it seems possible to adjust 4 Advances in Condensed Matter Physics the electronic structure in a wide range by radical substitution of hydrogen from cubylene unit without loss of thermodynamic stability of the samples. To study the doping effect in more detail we replace the second hydrogen atom in each elementary unit of NOdoped chain by another NO-group (see Figure 3) . As a result Δ HL slightly decreases from 0.60 to 0.51 eV. Note that the subsequent increase of the number of NO-groups in the chain leads to the stability loss of cubic framework. Probably it may be concerned with the adjacency of functional groups attached. Earlier we found that their "effective repulsion" makes the synthesis of isolated cubanes with adjacent nitrogen-containing groups quite difficult [20] . Thus, we were unable to make the HOMO-LUMO gap disappear and convert the cubane-based chain to metallic state. However, we assume the existence of such combination of radicals (not only H-C-N-O) which can close the HOMO-LUMO gap in electronic structure of cubane-based oligomers.
We further explore the conduction regime in chemically functionalized infinite cubane-based chains by calculating the conductance for chains with varying radicals attached. The dependence of the functionalized chain conductance as well as DOS as a function of the radical attached is illustrated in Figure 4 for a set of typical configurations. It is shown that the functionalization alters the electronic properties of the chain since the dopants states are located near the Fermi level.
So, the pristine cubane-based chain is an insulator, while NOgroup substituted chain is a narrow-gap semiconductor.
Note that energy gaps for infinite substituted cubanebased chains are in good agreement with the HOMO-LUMO gaps of corresponding eleven-fragment samples. Our numerical calculations show that in pristine cubane-based chain HOMO-LUMO excitation was characterized by electronic density transfer to the ends of chain. By contrast, in narrow-gap substituted cubane-based chains (e.g., NOfunctionalized chain) electronic density rearranges to the functional groups. So, the fine adjustment of HOMO-LUMO gap has its origins in electronic density transfer to the corresponding radicals. Therefore the HOMO-LUMO gap depends on the functional groups selected. The important consequence is that the functionalization of the cubane-based chain leads to the opening of new conduction channels (see Figure 4 ): for functionalized chains the energy gap becomes narrower since the dopants states are located near the Fermi level. Therefore, they exhibit semiconducting properties, and conductivity becomes possible at nonzero temperatures. This fact indicates that the functionalized cubane-based chains can be potentially used as effective conductors in nanodevices.
Conclusions
We have studied electronic properties of the cubane-based compounds containing different chemical groups with various electronegativities. It is shown that such type of functionalization alters the electronic properties of the chain since the dopants states are located near the Fermi level. Some functional groups or radicals can significantly reduce the energy gap by opening the additional conduction channels in the molecular structure. Moreover, the increase of the number of chemical groups (e.g., NO-groups) leads to further decreasing the gap, but on the other hand it may lead to the stability loss and decomposition of the chain. So, we were unable to convert the cubane-based chain to metallic state by removing the hydrogen and adding the functional group instead of it. Maybe it is possible to make the gap disappear by implementing the additional "molecular bridges" between the substituted cubylene fragments of the cubane-based compound. Anyway it has become possible to tune electronic properties of the cubane-based chains by the chemical functionalization that will be useful for nanoelectronic applications. 
